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Abstract
Background: Deviation of sex ratios from unity in wild animal populations has recently been demonstrated to be far
more prevalent than previously thought. Ectoparasites are prominent examples of this bias, given that their sex ratios
vary from strongly female- to strongly male-biased both among hosts and at the metapopulation level. To date our
knowledge is very limited on how and why these biased sex ratios develop. It was suggested that sex ratio and sex-
specific aggregation of ectoparasites might be shaped by the ecology, behaviour and physiology of both hosts and
their parasites. Here we investigate a highly specialised, hematophagous bat fly species with strong potential to move
between hosts, arguably limited inbreeding effects, off-host developmental stages and extended parental care.
Results: We collected a total of 796 Nycteribia kolenatii bat flies from 147 individual bats using fumigation and
subsequently determined their sex. We report a balanced sex ratio at the metapopulation level and a highly variable
sex ratio among infrapopulations ranging from 100% male to 100% female. We show that infrapopulation sex ratio is
not random and is highly correlated with infrapopulation size. Sex ratio is highly male biased in small and highly female
biased in large infrapopulations. We show that this pattern is most probably the result of sex-specific preference in bat
flies for host traits, most likely combined with a higher mobility of males. We demonstrate that female bat flies exert a
strong preference for high host body condition and female hosts, while the distribution of males is more even.
Conclusions: Our results suggest that locally biased sex ratios can develop due to sex-specific habitat preference of
parasites. Moreover, it is apparent that the sex of both hosts and parasites need to be accounted for when a better
understanding of host-parasite systems is targeted.
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Background
Host-parasite interactions are of key importance in evo-
lutionary biology, defining coevolutionary arms races,
demography and fitness of both hosts and parasites [1].
On the one hand, the reproductive output of hosts
largely depends on their ability to avoid or mitigate para-
site burden that require various adaptations at the level
of behaviour and physiology. These adaptations often
differ between host individuals and large part of this
within-species variance can be attributed to different
life-history strategies of male and female hosts [2, 3]. On
the other hand, parasites target the most efficient ex-
ploitation of their hosts and maximisation of their own
reproductive output. Nonetheless, sexual differences are
often observed in parasite species including dimorphism
in size, mobility, behaviour, competitive ability, or even
genetic structure [4–6], likely to result in sex-specific
fitness maximisation strategies, similarly to their hosts.
Accounting for sex differences in hosts and their para-
sites is therefore of equal importance when a better
understanding of host-parasite systems is targeted.
Some of the most intriguing current conundrums of
parasitology appear to be closely linked to parasite sex.
For example, biased sex ratios are common in ectopara-
sites and despite strong scientific attention, driving
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causes of sex ratio distortions remain controversial in
this group [5, 7, 8]. The most common sex ratio in ecto-
parasites is female-biased, but equal and strongly male-
biased sex ratios are also commonly encountered both
on a species level and within species, among different
host individuals [5, 7]. It remains to be explored why sex
ratios of parasite populations vary so widely and what
adaptive significance do sex ratio fluctuations have [6].
Bats represent widely used model organisms for para-
sitological studies and they are hosts to a high diversity
of parasites. Among ectoparasites, four insect orders
have been recorded on bats, including bat flies (Diptera),
fleas (Siphonaptera), true bugs (Hemiptera) and earwigs
(Dermaptera) [1]. Bat flies are present with two families,
Nycteribiidae and Streblidae, with 16 species of nycteri-
biids and only one streblid species recorded in Europe
to date [9]. Nycteribiids are obligate, wingless, highly
specialised blood-feeding ectoparasites of bats. They
reproduce by adenotrophic viviparity; females produce a
single offspring at a time, the egg and then the larva
develops, feeds, moults within the uterus and consumes
the secretion of special “milk glands”. Pregnant females
leave their hosts to larviposit the third-instar larvae on
the walls of the host’s roosting sites. The deposited larva
pupates immediately and adult flies usually emerge
within 3 to 4 weeks following pupation [1]. This highly
specialised host-parasite system provides an exceptional
opportunity to study host-parasite interactions due to its
rare properties. Bats roost communally, with high fre-
quency of prolonged physical contact among dozens to
hundreds of individuals, providing ectoparasites with the
possibility of free movement between hosts and to
perform active choice of hosts. Moreover, off-host devel-
opmental stages and larviposition, the relatively long,
off-host metamorphosis of the larvae, as well as the
sequential roost site utilisation ensures genetic mixing of
parasites among hosts. These characters largely reduce
inbreeding, a factor that has been suggested to deeply
influence demography and population dynamics of most
parasite species.
Several hypotheses have been proposed to explain sex
ratio variation in arthropod ectoparasites. These include
biased prepartum sex ratio, local mate competition, sex
differences in longevity, selective grooming or sampling
bias [1, 5, 7, 10, 11]. Skewed sex ratios of bat flies at
emergence has the potential to strongly influence adult
sex ratios. Female-biased sex ratio at emergence was
demonstrated in a streblid species, Trichobius frequens,
but such sex ratio bias was not present among the adults
in the same study population [8]. Moreover, Marshall
[12] demonstrated that the prepartum sex ratio in the
nycteribiid bat fly Basilia hipsida did not differ from
unity. Biased prepartum sex ratio is predicted by the
local mate competition (LMC) hypothesis [13]. In
isolated populations, especially with limited male disper-
sal and considerable sibmating, parents and sons com-
pete for mating opportunities. In such populations
fitness returns of female offspring is higher than of
males, therefore adaptive adjustment in offspring sex
ratio occurs. The degree of inbreeding in bat flies is little
known [5], but appears to be considerably low since
chances of host switching is high. It is therefore unlikely
that the LMC plays a significant role in shaping adult
sex ratios of bat flies.
Sex-specific longevity is another parasite trait that is
likely to bias adult sex ratios in ectoparasitic arthropods,
toward an excess of the sex with the longer lifespan [7].
In nycteribiid bat flies sex-specific longevity has been
documented before; average lifespan of males was
136 days, while that of females reached 195 days in B.
hipsida [12]. Similarly, female-biased longevity was
observed in a few closely related fly species [5]. None-
theless, it is little known how general this sex-specific
longevity is among different bat fly species and how
significant its role is in shaping adult sex ratios. Other
important factors, probably not independent of longev-
ity, are sex-specific body size, mobility and detectability.
Such differences might result in higher probability of a
certain sex to be found or picked by the host or
collected by human observers. These can result in sex-
specific grooming or sampling bias, respectively.
Similarly, sex-specific diurnal behaviour, especially
concerning off-host behaviours, such as larviposition
might contribute to sampling bias and erroneous sex
ratio estimates [5, 8].
Besides fluctuation in their sex ratios bat flies exhibit
considerable variance in their aggregations both at the
intra- [14] and interspecific levels [15] even when hosts
roost in close physical contact. Most host individuals
harbour no or only a small number of parasites and only a
few bear with higher parasite intensities (e.g. [16]). Infest-
ation rates of hosts appear to be influenced by a wide
range of behavioural, physiological and ecological traits of
both hosts and their parasites. Among host traits, sex ap-
pears to play a particularly important role in this respect,
partly due to sex-specific parasite exposure. In bats for in-
stance females tend to roost in colonies, while males usu-
ally roost solitarily or in small aggregations [17–20]. This
difference is often mentioned as a key factor responsible
for the observed higher parasitism in female than in male
bats. The close proximity of females might elicit the trans-
mission and therefore offers very favourable circumstances
for the parasites. Moreover, the presence of the juveniles
at maternity colonies might also increase parasite repro-
ductive output. Juveniles possess relatively weak immune
systems and their antiparasitic behaviours are less elabor-
ate than in adults, making this age class and associated
females more prone to exploitation by parasites [21–23].
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Sexual differences in parasitism is not always a result
of host exposure. Some parasites actively switch to a cer-
tain host sex when given the opportunity [24]. Males in
mammals, birds, reptiles as well as in invertebrates are
usually more heavily parasitised than females [25–29].
Such sex differences in parasitism is often the result of
the less competent immune systems of males compared
to females [30], most commonly attributed to the pleio-
tropic effects of steroid reproductive hormones, e.g. tes-
tosterone [31]. Contrary to patterns observed in most
vertebrate animals, in bats females appear to be subject
to more intense parasitism than males [14, 24, 32–35]
but see [23, 36]. In line with this, some of their parasites
actively move to female hosts and their fitness is much
higher on female than on male hosts (e.g. ectoparasitic
mites in bats [24]). Such sexual differences might origin-
ate from physiological or behavioural trade-offs between
self-maintenance (e.g. immunity, grooming) and other
costly life-history components (e.g. mate attraction,
pregnancy, lactation).
Another host trait suggested to influence the degree of
parasitism is host body condition. It was for instance
suggested that parasite should favor the host with the
weakest immune system and therefore lowest body con-
dition [22, 37]. On the other hand, positive association
between the degree of parasitism and host body condi-
tion was also observed in numerous cases [22]. The as-
sociation between host condition and degree of
parasitism is controversial in bats too. Some studies
found positive [38], some negative [39] and some no
correlation between parasite numbers and host body
condition [14, 34].
Within the framework of this study, we investigate a
highly specialised host-parasite system of the Dauben-
ton’s bats (Myotis daubentonii) and their obligate arthro-
pod ectoparasite bat fly species Nycteribia kolenatii. Bat
flies exhibit large variation in their sex ratios. In nycteri-
biid bat flies equal, female-biased and male-biased sex
ratios were all frequently reported [5, 40, 41]. Our aim is
to explore and discuss how sex-specific parasite traits
might contribute to the development of skewed sex
ratios in this group. In addition, we study sex ratio vari-
ation among hosts and the link between sex ratio and
parasite density within hosts (i.e. infrapopulation size),
host traits as well as sex-specific preference for host
traits in bat flies.
Methods
Fieldwork was carried out at several foraging sites of
bats at a number of localities in Hungary, including
Gemenc, Alba, Kislőd, Szentgál, Hajszabarna, Mátra,
Abaliget, Vinye, Futómacskás, Makó, Bakony, Debrecen
and Vízfő. Daubenton’s bats (Myotis daubentonii) were
captured using mist nets set up in the proximity of caves
and foraging sites. Captures took place from 1st April to
5th September 1999, but most individuals (72%) were
captured in August. Body mass, forearm length and the
sex of each bat was recorded and they were marked with
an individually numbered aluminium ring. All ectopara-
sitic bat flies were collected from each bat using fumiga-
tion. The latter method has a wide range of benefits
over traditional visual inspection. First, fumigation is a
more thorough method of parasite collection and yields
a very high proportion of parasites, contrary to trad-
itional methods. Secondly, sampling is independent of
the observer’s ability to find and capture often highly
mobile parasites and is therefore less prone to bias [42].
Fumigation was carried out with a “Fair Isle Apparatus”
developed for birds with slight modifications [42]. Bat
flies were removed from the hosts and were stored at
room temperature in plastic Eppendorf vials containing
70% ethanol. During subsequent examination the sex
and species of each individual bat fly was determined
under a stereomicroscope based on morphological
differences described in Theodor [43]. Each bat was
captured and examined for parasites only once. Sex and
morphological measurements of a few individuals (i.e. 1
and 4, respectively) were not recorded, therefore sample
sizes vary across the model, depending on explanatory
variables included in these. Only data on parasitised
individuals was recorded on the field, harbouring a
minimum of one bat fly individual.
Statistical analyses
To analyse sex ratio in parasitic bat flies we constructed
generalised linear models (GLMs) with binomial error
distribution. Each bat fly was handled as an individual
data point, and their sex (F/M, coded with 0/1, respect-
ively) was used as a dependent variable in the models.
First, we tested whether sex ratio of the entire bat fly
collection deviated from unity, by constructing an inter-
cept model and testing the significance of the intercept
term (Model 1). Secondly, to test whether sex ratio of
bat flies varies among host individuals or whether they
are sexually segregated, we added host identity as a fixed
factor to Model 1 and tested its effect using likelihood
ratio statistics (Model 2). Thirdly, to investigate how sex
ratio of infrapopulations depends on host traits (sex,
condition) and on infrapopulation size, by adding these
explanatory variables and all possible second order inter-
actions to Model 1 (Model 3). Non-significant interac-
tions were removed from the models and their effects is
not reported in the results. Host condition was calcu-
lated as scaled mass body condition [44, 45], i.e. resid-
uals of a standard major axis (SMA) regression
calculated between body mass and forearm length
(original scale). Type II regression method was adopted,
since SMA residuals were proved to be better
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indicators of energy reserves than traditional condition
indices [44, 45]. SMA regression was constructed using
the R package lmodel2 [46].
Abundance of bat flies was analysed using generalised
linear mixed models with Poisson error distribution.
Number of bat flies on each host was included as the
dependent variable, while host sex, host condition and
the interaction between these two traits were used as
explanatory variables. Abundance analyses were first run
for total abundance, but were repeated for male and
female bat fly abundances separately. Given that the
degree of parasitism [12, 47] or sex ratio might vary sea-
sonally [48] but see [5], we tested the effect of month on
both bat fly densities and sex ratios. Note, however that
month had no significant effect in any of the models,
neither as main effect nor in interaction with other
parameters, therefore this effect is not shown in the
results. All statistical analyses were performed using R
3.3.2 (R Core Team 2016).
Results
All bat flies collected from Myotis daubentonii bats
belonged to a single bat fly species, Nycteribia kolenatii.
A total of 796 bat flies (371 males, 425 females) were
collected from 145 individual bats (84 males, 60
females). The number of bat flies collected from differ-
ent host individuals (i.e. infrapopulation size) varied
from 1 to 21 individuals (mean 5.49, SD 4.31) and their
numbers exhibited Poisson distribution. Number of male
and female bat flies collected from a single host individ-
ual was strongly positively correlated (Pearson’s product-
moment correlation, t = 3.89, df = 143, P = 0.0002).
Sex ratio and sexual segregation of parasites
Overall sex ratio of the collected bat flies was 0.47
(n = 796), indicating a slightly larger number of fe-
males compared to males. Note however that the
intercept term in Model 1, did not reach significance,
indicating that this ratio did not deviate significantly
from unity (Z = -1.91, P = 0.0558). Host identity was a
strong predictor of bat fly sex (Model 2, likelihood
ratio statistics, χ2 = 217.09, df = 144, P < 0.0001), indi-
cating a strong variation in sex ratio across host indi-
viduals and sexual segregation of the parasites.
The results of the binomial GLMs showed that sex of
the bat flies was independent of host body condition
(Table 1). Moreover, host sex was a strong predictor of
parasite sex (t = 3.59, P = 0.0003), although this effect
disappeared when infrapopulation size was included in
the model, indicating collinearity between host sex and
infrapopulation size. Female hosts had a much higher
probability to harbour female than male bat flies.
Infrapopulation size was a strong predictor of bat fly sex
(Fig. 1). Male bat flies were predominant in small
infrapopulations (e.g. sex ratio was on average 0.86 in 14
infrapopulations consisting of a single individual) and
was highly female biased in large infrapopulations (e.g.
sex ratio was on average 0.17 in two infrapopulations
with 20 and 21 bat flies each) (Fig. 1). Identical results
were obtained when the sampling period was restricted
to the mating season (August and September), excluding
samples collected in the period between April and July.
Parasite abundance and host preference
Infrapopulation size of bat flies varied widely among
hosts and was predicted by host sex and body condition
(Fig. 2, Table 2). Infrapopulations were larger on hosts
Table 1 Results of a binomial GLM exploring variation in bat fly
sex (0, female; 1, male) in relation to host sex, host condition
and infrapopulation size. All second-order interactions have
been tested but were removed due to their non-significant
effects
β (SE) t P
Intercept 0.58 (0.18) 3.19 0.0014
Host condition 0.02 (0.06) 0.35 0.7243
Host sex 0.25 (0.15) 1.6 0.1091
Infrapopulation size -0.10 (0.02) -6.33 < 0.0001
n = 786
Abbreviation: SE standard error
Fig. 1 Sunflower plot showing the relationship between
infrapopulation size and infrapopulation sex ratio on 145 hosts. Each
point represents a different host individual. Number of overlapping
data points are marked with increasing number of petals of the
plotted points. Model predictions and associated 95% confidence
intervals were obtained from a binomial GLM between bat fly sex and
infrapopulation size
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in better body condition and on female compared to
male hosts. Note however, that sex-specific effects were
detected when infrapopulation size was divided accord-
ing to parasite sex and analysed separately. The number
of male bat flies within hosts was influenced neither by
host condition, nor by host sex. On the contrary, the
number of female bat flies within hosts was correlated
both with host condition and host sex. The number of
female bat flies within hosts increased with increasing
host body condition and was significantly larger in fe-
male than in male bat hosts.
Discussion
Here we explored a highly specialised host-ectoparasite
system investigating sex ratio, aggregation and host pref-
erence of parasitic bat flies. Using an extensive sample
size of both host and their parasites, collected using
thorough and objective methodology we reached three
important conclusions. First, we showed that contrary to
previous knowledge [43] bat fly sex ratios are highly
variable among hosts and we demonstrate that this vari-
ation is strongly associated with infrapopulation size. Bat
flies exhibit strongly male-biased sex ratios in small, and
strongly female-biased sex ratios in large infrapopula-
tions, indicating sex-specific aggregation. This finding
contradicts predictions of the local mate competition
and appears to be rather the result of sex-specific host-
preference, mobility or competitive ability. Secondly, we
showed that parasites aggregate in larger numbers on
female hosts, and parasite abundance increased with
increasing host body condition. Given the high transmis-
sibility of bat flies, these results arguably reflect parasite
preference for these host traits. Thirdly, we demon-
strated that the latter associations are the results of
female, but not male bat fly preference for host traits.
We argue that this sex-specific preference for host traits
is probably the driving force of the density-dependent
sex ratio bias across infrapopulations in this host-
parasite system.
Density-dependent sex ratios
Female-skewed sex ratios in small infrapopulations are
often described in parasitic communities and are trad-
itionally explained by the local mate competition. Our
results refute the latter hypothesis, since small infrapo-
pulations were male-biased, unlike in most parasite
communities (e.g. [6, 49]). Moreover, sex ratio
approaches unity with increasing infrapopulation sizes in
most parasites (e.g. [50]), as large colonies are generally
the result of multiple colonisations and are less affected
by inbreeding and therefore LMC [6, 49]. On the con-
trary, here we demonstrate that in large infrapopulations
sex ratio shifts to the other extreme, to a strong female
bias. To the best of our knowledge, such phenomenon
in ectoparasitic communities has never been described
before. We believe that such pattern could be of mul-
tiple origin, mostly comprising sex-specific traits of
the parasites, such as host-preference, competitive
ability or mobility, but most likely a combination of
these traits. Segregation of the sexes as a result of
such sex-specific traits could serve as a driving force
shaping the observed density-dependent sex ratio
across bat fly infrapopulations.
Our results indicate a stronger preference for host
qualities in female compared to male bat flies, presum-
ably partly reflecting nutritional demands. Female bat
Fig. 2 Relationship between host condition or sex and bat fly
abundance for both sexes combined (a, b), as well as for males (c, d)
and females (e, f) separately. Error lines and bars represent 95%
confidence intervals. Slopes and means were obtained from single
predictor GLMs between abundance and host condition or sex
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flies are almost continuously pregnant, nourishing a
quickly developing larva within the uterus. Once the
larva is fully grown (third-instar) it can take up approxi-
mately one third of the total body mass of pregnant fe-
males (Tamara Szentiványi, personal observation), while
bat fly females had been observed to larviposit one of
these at 3 to 9 day intervals [8]. Therefore, reproducing
females are expected to have a more intense metabolism
and to rely more heavily on permanent and stable
resources than males due to their extended parental care
[5, 49]. This claim is also supported by the documented
higher sensitivity of females to starvation compared to
males [1]. As a consequence, females might exert a
stronger preference for hosts that are most suitable food
resources and can ultimately lead to aggregation of
females on certain hosts, especially in systems where free
movement of parasites is granted, like in bat flies.
Besides sex-specific host preference, male and female
ectoparasites often also differ in their competitive ability.
Females are larger than males in most arthropod ecto-
parasites [51], while this size differences provides
females with competitive advantage over males. Sexual
size dimorphism is indeed often associated with sex ratio
biases, where species with the highest degree of size
dimorphism exhibit the strongest bias in their sex ratios
[6]. Nonetheless, male and female N. kolenatii are simi-
lar in lean body size and females only exceed this during
pregnancy, but gestation is unlikely to increase their
competitive potential. Although female bias in our sam-
ple was not significant (P = 0.0558), it might indicate a
marginally higher mortality or shorter lifespan of males
compared to females (e.g. [5, 12, 52]) or it might be indi-
cative of sex-specific competitive potential.
It was also suggested that sex-specific competitive
potential is linked to sex-specific dispersal. Generally,
the sex subject to more intense competition is more
likely to disperse, while no sex-specific bias is expected
when local competition equally affects males and fe-
males [53]. Mobility or dispersal potential often differs
between the sexes in ectoparasites just as much as in
birds or mammals [54]. Such sex differences have the
potential to result in sex-specific genetic structures, a
pattern also documented in the handful ectoparasite spe-
cies studied to date [4]. Males in bat flies in our study
are more likely to disperse than females for a number of
reasons. First, small infrapopulations in our sample were
extremely male biased, a pattern believed to indicate the
higher probability of males to move between hosts and
colonise new host individuals. Secondly, dispersion
might exert sex-specific costs, especially in spatially het-
erogeneous environments such as the patchy availability
of host individuals. The higher sensitivity to starvation
documented in female bat flies might result in their
higher philopatry than in males that survive for a longer
period of time without a blood meal [1]. How mobility,
dispersion potential, competitive potential or host pref-
erence vary between the sexes of ectoparasites and how
these shape infrapopulation sex ratios need further,
experimental attention.
Host trait preferred by parasitic bat flies
Numerous studies on mammalian-ectoparasite systems
describe sex-specific parasitism of hosts, usually demon-
strating that males are subject to more intense parasit-
ism than females [27–29, 55]. Contrary to these findings,
our results revealed that females of Daubenton’s bats are
host of a higher bat fly abundance than males of the
same host species. This finding corroborates a number
of previous studies showing that female-biased parasit-
ism is more likely to occur in bats than in other mam-
malian orders (e.g. [14, 24, 32–35, 56]). Such sex
differences in host infestation rates might be explained
by a range of fundamental differences between the sexes,
such as ecology, behaviour and physiology. For instance,
female-biased parasitism may be explained by the sex-
specific social structure of the hosts. Sexual segregation
and the larger roosting colony size of females compared
to males is a well-known phenomenon in numerous bat
species, including our study species, the Daubenton’s bat
[17–20]. Host abundance and physical proximity, the
higher temperature at large maternity colonies, the pres-
ence of juveniles and their lower behavioural and
Table 2 Results of GLMs investigavting variance in bat fly abundances across hosts in relation to host condition and
sex. Abundance of all, and male and female bat flies were analysed. Non-significant second order interactions have been removed
from all three models due to non-significance. All three models are based on 143 hosts and a total of 786 bat flies, 364 males and
422 females
Total abundance Male abundance Female abundance
β (SE) t P β (SE) t P β (SE) t P
Intercept 1.92 (0.05) 38.82 < 0.0001 1.01 (0.08) 13.02 < 0.0001 1.41 (0.06) 21.98 < 0.0001
Host condition 0.12 (0.04) 2.89 0.0039 0.04 (0.04) 1.00 0.3161 0.12 (0.04) 3.20 0.0014
Host sex -0.42 (0.07) -5.82 < 0.0001 -0.14 (0.11) -1.36 0.1735 -0.67 (0.1) -6.78 < 0.0001
n = 143 n = 143 n = 143
Abbreviation: SE standard error
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immunological antiparasite defences were suggested to
increase parasite transmission rates, prevalence and
abundance [48, 57–59]. Nonetheless, during the mating
period male and female Daubenton’s bats tend to aggre-
gate in mixed colonies [20], that is likely to contribute to
the horizontal transfer of parasites between female and
male hosts. Moreover, the off-host development stages
and larviposition of bat flies, as well as their successively
shared roosts grant them high transmissibility and col-
ony size has been shown to play no role in the infest-
ation rate of host individuals [38]. Physiological
differences between the sexes, such as immunity and
hormones were also suggested to influence the defensive
ability of hosts against parasites and pathogens. For in-
stance pregnant females tend to suffer from higher para-
sitism rate than non-reproductive ones [21], while high
testosterone levels often induce immunosuppression,
which leads to increases parasitism of males [60, 61]. It
remains to be explored how host physiology influences
host choice in bat flies.
Several other possible factors can play a role in higher
parasitism in females, for instance differences in groom-
ing and roosting behaviour. Grooming behaviour is one
of the major causes of ectoparasite mortality [48]; how-
ever grooming behaviour does not predict the level of
parasitism in bats [5]. For instance, great fruit-eating bat
(Artibeus lituratus) females spend nearly twice as much
time with grooming than males during a day [62], still
males harbour significantly less ectoparasites [35]. In
addition, some authors did not find increased response
in grooming behaviour to high infestation by bat flies
[63]. Nevertheless, gender differences in grooming be-
haviour in M. daubentonii has not been studied yet. In
addition, roost-site selection could also be a predictor of
ectoparasite density in bat populations [64].
Sexual size dimorphism may also be a determinant in the
level of infestation by parasites in mammals (e.g. [26, 65]);
however many authors reported the lack of relationship be-
tween host sexual size dimorphism and the level of parasit-
ism in ectoparasites [27, 66]. Differences in size between
sexes have been reported in several mammalian species in-
cluding bats, where the sexual size dimorphism shows a re-
verse trend, females are the larger sex, especially in the
family Vespertilionidae [67–70]. According to Moore &
Wilson [26] the parasitism is male biased if sexual size di-
morphism appears in favour of males, while female biased
if females are the larger sex. Whereas Lindenfors et al. [71]
did not observed correlation between the weight and the
dimorphism in small mammals (Rodentia, Chiroptera and
Insectivora), in our study both sexes of N. kolenatii tend to
choose females above males and hosts in good body condi-
tion. Therefore, our results support the ‘well-fed host strat-
egy’ that states, parasites choose larger (“well-fed”) hosts
above the smaller ones (“poorly-fed hosts”) in order to
maximize food acquisition [22]. Consequently, besides the
factors mentioned above, in our study female-biased host
choice may also be the result of the sexual size dimorphism
and/or the better health condition of female hosts.
Conclusions
Biased sex ratios, i.e. the unbalanced number of males and
females in a population are highly common in both inver-
tebrate and vertebrate species, including humans. Such
sex ratio distortions have important consequences for the
social environment and for population demography. Here
we explored sex ratio variation in an arthropod ectopara-
site and demonstrated that sex ratio shows considerable
variance among hosts. Male was the prevalent sex on
hosts with few parasites, while females were more preva-
lent than males on highly infested hosts. Inspecting this
sexual segregation, we demonstrated that infra-population
sex-ratio is shaped by sex-specific host preference, most
likely coupled with sex-specific mobility of the parasites.
Our study highlights the importance of sex-specific para-
site traits in the development of population-wide sex-ratio
distortions and the importance to account for parasite sex
in parasitological studies.
Additional file
Additional file 1: Table S1. Data for all collected host and parasite
individuals (location, date, host and parasite traits are included). (XLSX 18 kb)
Acknowledgements
We are grateful to Péter Paulovics for the collected material and to all others for
their assistance during the fieldwork. We thank Lajos Rózsa for the constructive
discussion about our results. The authors are grateful for the two anonymous
reviewers for their helpful comments on a draft of this manuscript.
Funding
During manuscript writing OV was supported by the Hungarian Eötvös
Scholarship (MÁEÖ2016_15/76740) awarded by the Tempus Public Foundation,
and by the Hungarian Research Fund OTKA #K113108. EP was co-financed by
the European Social Fund in the framework of TÁMOP-4.2.4.A/ 2–11/1–2012-
0001 ‘National Excellence Program’. The funders had no role in study design, data
collection and analysis, decision to publish, or preparation of the manuscript.
Availability of data and materials
Datasets supporting the conclusions of this article are included within the
article and its Additional file 1. Voucher specimens of bat flies (in ethanol)
are deposited at Eszterházy Károly University (Hungary).
Authors’ contributions
TS and EP initiated the study and identified the parasite specimens. TS and
OV wrote the first draft of the manuscript. OV performed the statistical
analysis. All authors read and approved the final manuscript.
Ethics approval
All experiments were conducted according to the guidelines of animal
experimentation as determined by Act 243/1998 (XII. 31) of the Hungarian
Government. Permit was provided by the KTM Természetvédelmi Hivatal
Élővilágvédelmi Főosztály, Hungary 1121 Budapest, Költő street 21 (permit
number: 1998/008).
Consent for publication
Not applicable.
Szentiványi et al. Parasites & Vectors  (2017) 10:405 Page 7 of 9
Competing interests
The authors declare that they have no competing interests.
Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.
Author details
1Department of Evolutionary Zoology and Human Biology, University of
Debrecen, Egyetem tér 1, H-4032, Debrecen H-4032, Hungary. 2Department
of Ecology and Evolution, University of Lausanne, Biophore, CH-1015
Lausanne, Switzerland. 3Museum of Zoology, Palais de Rumine, Place de la
Riponne 6, CH-1014 Lausanne, Switzerland. 4Department of Evolutionary
Zoology and Human Biology, MTA-DE “Lendület” Behavioural Ecology
Research Group, University of Debrecen, Debrecen H-4032, Hungary.
5Hungarian Department of Biology and Ecology, Evolutionary Ecology Group,
Babeş-Bolyai University, RO-400006 Cluj-Napoca, Romania. 6Department of
Zoology, Eszterházy Károly University, Eger H-3300, Hungary.
Received: 17 May 2017 Accepted: 17 August 2017
References
1. Marshall AG. Ecology of Insects Ectoparasitic on Bats. In: Kunz TH, editor.
Ecology of bats. Boston, USA: Plenum Publishing Corporation; 1982. p. 369–401.
2. Duneau D, Ebert D. Host sexual dimorphism and parasite adaptation. PLoS
Biol. 2012;10(2):e1001271.
3. Gipson SAY, Hall MD. The evolution of sexual dimorphism and its potential
impact on host-pathogen coevolution. Evolution. 2016;70:959–68.
4. Prugnolle F, Durand P, Theron A, Chevillon C, De Meeus T. Sex-specific
genetic structure: New trends for dioecious parasites. Trends Parasitol. 2003;
19:171–4.
5. Dick CW, Patterson BD. An excess of males: Skewed sex ratios in bat flies
(Diptera: Streblidae). Evol Ecol. 2008;22:757–69.
6. Pap PL, Adam C, Vágási CI, Benkő Z, Vincze O. Sex ratio and sexual
dimorphism of three lice species with contrasting prevalence parasitizing
the house sparrow. J Parasitol. 2013;99:24–30.
7. Marshall AG. The sex ratio in ectoparasitic insects. Ecol Entomol. 1981;6:155–74.
8. Dittmar K, Morse S, Gruwell M, Mayberry J, DiBlasi E. Spatial and temporal
complexities of reproductive behavior and sex ratios: A case from parasitic
insects. PLoS One. 2011;6(5):e19438.
9. Szentiványi T, Földvàri M, Estók P. Checklist of host associations of European
bat flies (Diptera: Nycteribiidae, Streblidae). Zootaxa. 2016;4205:101.
10. Clayton DH, Gregory RD, Price RD. Comparative ecology of Neotropical bird
lice (Insecta: Phthiraptera). J Anim Ecol. 1992;61:781–95.
11. Rózsa L, Rekasi J, Reiczigel J. Relationship of host coloniality to the
population ecology of avian lice (Insecta: Phthiraptera). J Anim Ecol. 1996;
65:242–8.
12. Marshall AG. The Ecology of Basilia hispida (Diptera: Nycteribiidae) in
Malaysia. J Anim Ecol. 1971;40:141–54.
13. Hamilton WD. Extraordinary sex ratios. Science. 1967;156:477–88.
14. Presley SJ, Willig MR. Intraspecific patterns of ectoparasite abundances on
Paraguayan bats: Effects of host sex and body size. J Trop Ecol. 2008;24:75–83.
15. Presley SJ. Interspecific aggregation of ectoparasites on bats: Importance of
hosts as habitats supersedes interspecific interactions. Oikos. 2011;120:832–41.
16. Lawton JH. Are there general laws in parasite ecology? Oikos. 1999;84:177–92.
17. Dietz M, Encarnação JA, Kalko EKV. Small scale distribution patterns of
female and male Daubenton's bats (Myotis daubentonii). Acta
Chiropterologica. 2006;8:403–15.
18. Encarnação JA, Kierdorf U, Holweg D, Jasnoch U, Wolters V. Sex-related
differences in roost-site selection by Daubenton's bats Myotis daubentonii
during the nursery period. Mamm Rev. 2005;35:285–94.
19. Russo D, Jones G, Migliozzi A. Habitat selection by the Mediterranean
horseshoe bat, Rhinolophus euryale (Chiroptera: Rhinolophidae) in a rural
area of southern Italy and implications for conservation. Biol Conserv. 2002;
107:71–81.
20. Encarnação JA. Spatiotemporal pattern of local sexual segregation in a tree-
dwelling temperate bat Myotis daubentonii. J Ethol. 2012;30:271–8.
21. Christe P, Arlettaz R, Vogel P. Variation in intensity of a parasitic mite
(Spinturnix myoti) in relation to the reproductive cycle and
immunocompetence of its bat host (Myotis myotis). Ecol Lett. 2000;3:207–12.
22. Christe P, Giorgi MS, Vogel P, Arlettaz R. Differential species-specific
ectoparasitic mite intensities in two intimately coexisting sibling bat species:
resource-mediated host attractiveness or parasite specialization? J Anim
Ecol. 2003;72:866–72.
23. Zhang L-BL, Parsons S, Daszak P, Wei L, Zhu G-J, Zhang S-Y. Variation in the
abundance of ectoparasitic mites of flat-headed bats. J Mammal. 2010;91:136–43.
24. Christe P, Glaizot O, Evanno G, Bruyndonckx N, Devevey G, Yannic G, et al.
Host sex and ectoparasites choice: Preference for, and higher survival on
female hosts. J Anim Ecol. 2007;76:703–10.
25. Soliman S, Marzouk AS, Main AJ, Montasser AA. Effect of sex, size, and age
of commensal rat hosts on the infestation parameters of their ectoparasites
in a rural area of Egypt. J Parasitol. 2001;87:1308–16.
26. Moore SL, Wilson K. Parasites as a viability cost of sexual selection in natural
populations of mammals. Science. 2002;297:2015–8.
27. Morand S, De Bellocq JG, Stanko M, Miklisová D. Is sex-biased ectoparasitism
related to sexual size dimorphism in small mammals of Central Europe?
Parasitology. 2004;129:505–10.
28. Perez-Orella C, Schulte-Hostedde AI. Effects of sex and body size on
ectoparasite loads in the northern flying squirrel (Glaucomys sabrinus).
Can J Zool. 2005;83:1381–5.
29. Harrison A, Scantlebury M, Montgomery WI. Body mass and sex-biased
parasitism in wood mice Apodemus sylvaticus. Oikos. 2010;119:1099–104.
30. Stoehr AM, Kokko H. Sexual dimorphism in immunocompetence: What
does life-history theory predict? Behav Ecol. 2006;17:751–6.
31. Salvador A, Veiga JP, Martin J, Lopez P, Abelenda M, Puerta M. The cost of
producing a sexual signal: Testosterone increases the susceptibility of male
lizards to ectoparasitic infestation. Behav Ecol. 1996;7:145–50.
32. Dick CW, Gannon MR, Little WE, Patrick MJ. Ectoparasite associations of bats
from Central Pennsylvania. J Med Entomol. 2003;40:813–9.
33. Kaňuch P, Krištín A, Krištofík J. Phenology, diet, and ectoparasites of Leisler's
bat (Nyctalus leisleri) in the western Carpathians (Slovakia). Acta
Chiropterologica. 2005;7:249–57.
34. Lučan RK. Relationships between the parasitic mite Spinturnix andegavinus
(Acari: Spinturnicidae) and its bat host, Myotis daubentonii (Chiroptera:
Vespertilionidae): seasonal, sex- and age-related variation in infestation and
possible impact of the parasite on the host condition and roosting
behaviour. Folia Parasitol. 2006;53:147–52.
35. Patterson BD, Dick CW, Dittmar K. Parasitism by bat flies (Diptera: Streblidae)
on neotropical bats: Effects of host body size, distribution, and abundance.
Parasitol Res. 2008;103:1091–100.
36. Zahn A, Rupp D. Ectoparasite load in European vespertilionid bats. J Zool.
2004;262:383–91.
37. Christe P, Møller AP, De Lope F. Immunocompetence and nestling survival
in the house martin: the tasty chick hypothesis. Oikos. 1998;83:175–9.
38. Reckardt K, Kerth G. Does the mode of transmission between hosts affect the
host choice strategies of parasites? Implications from a field study on bat fly
and wing mite infestation of Bechstein's bats. Oikos. 2009;118:183–90.
39. Lourenço SI, Palmeirim JM. Can mite parasitism affect the condition of bat hosts?
Implications for the social structure of colonial bats. J Zool. 2007;273:161–8.
40. Graciolli G, Dick CW, Gettinger D. A faunal survey of nycteribiid flies (Diptera:
Nycteribiidae) associated with bats in Paraguay. Zootaxa. 2006;46:35–46.
41. Olival KJ, Dick CW, Simmons NB, Morales JC, Melnick DJ, Dittmar K, et al.
Lack of population genetic structure and host specificity in the bat fly,
Cyclopodia horsfieldi, across species of Pteropus bats in Southeast Asia.
Parasit Vectors. 2013;6:231.
42. Williamson K. The Fair Isle apparatus for collecting bird ectoparasites. Br
Birds. 1953;47:234–6.
43. Theodor O. An illustrated catalogue of the Rothschild collection of
Nycteribiidae in the British Museum (Natural History), with keys and short
descriptions for the identification of subfamilies, genera, species and
subspecies. London: British Museum (Natural History); 1967.
44. Peig J, Green AJ. New perspectives for estimating body condition from
mass/length data: The scaled mass index as an alternative method. Oikos.
2009;118:1883–91.
45. Peig J, Green AJ. The paradigm of body condition: A critical reappraisal of
current methods based on mass and length. Funct Ecol. 2010;24:1323–32.
46. Legendre P. lmodel2: Model II Regression. R package version 1.7–2. 2014.
Available from: https://cran.r-project.org/web/packages/lmodel2/lmodel2.
pdf.
47. Linhares AX, Komeno CA. Trichobius joblingi, Aspidoptera falcata, and
Megistopoda proxima (Diptera: Streblidae) parasitic on Carollia perspicillata
Szentiványi et al. Parasites & Vectors  (2017) 10:405 Page 8 of 9
and Sturnira lillium (Chiroptera: Phyllostomidae) in Southeastern Brazil: Sex
ratios, seasonality, host site preference, and effect of parasitism on the host.
J Parasitol. 2000;86:167–70.
48. Marshall AG. The ecology of ectoparasitic insects. London: Academic
Press; 1981.
49. Poulin R. Population abundance and sex ratio in dioecious helminth
parasites. Oecologia. 1997;111:375–80.
50. Morand S, Pointier J-P, Borel GTA. Pairing probability of schistosomes
related to their distribution among the host population. Ecology.
1993;74:2444–9.
51. Poulin R. Are there general laws in parasite ecology? Parasitology.
2007;134:763–76.
52. Marshall AG. The life cycle of Basilia hipsida Theodor 1967 (Diptera:
Nycteribiidae) in Malaysia. Parasitology. 1970;61:1–18.
53. Perrin N, Mazalov VV. Local competition, inbreeding, and the evolution
of sex-biased dispersal. Am Nat. 2000;155:116–27.
54. Pusey AE. Sex-biased dispersal and inbreeding avoidance in birds and
mammals. Trends Ecol Evol. 1987;2:295–9.
55. Schalk G, Forbes MR. Male biases in parasitism of mammals: effects of study
type, host age and parasite taxon. Oikos. 1997;78:67–74.
56. Muñoz L, Aguilera M, Casanueva ME. Prevalencia e intensidad de
ectoparasitos asociados a Tadarida brasiliensis (Geoffroy Saint-Hilaire, 1824)
(Chiroptera: Molossidae) en Concepcion. Gayana. 2003;67:1–8.
57. Arneberg P, Skorping A, Grenfell B, Read AF. Host densities as determinants
of abundance in parasite communities. Proc R Soc B Biol Sci. 1998;265:
1283–9.
58. Krasnov B, Khokhlova I, Shenbrot G. The effect of host density on
ectoparasite distribution: an example of a rodent parasitized by fleas.
Ecology. 2002;83:164–75.
59. Solick DI, Barclay RMR. Thermoregulation and roosting behaviour of
reproductive and nonreproductive female western long-eared bats (Myotis
evotis) in the Rocky Mountains of Alberta. Can J Zool. 2006;84:589–99.
60. Seivwright LJ, Redpath SM, Mougeot F, Leckie F, Hudson PJ. Interactions
between intrinsic and extrinsic mechanisms in a cyclic species: testosterone
increases parasite infection in red grouse. Proc R Soc B Biol Sci. 2005;272:
2299–304.
61. Folstad I, Karter AJ. Parasites, bright males, and the immunocompetence
handicap. Am Nat. 1992;139:603–22.
62. Muñoz-Romo M. Ethogram and diurnal activities of a colony of Artibeus lituratus
(Phyllostomidae: Stenodermatinae). Acta Chiropterologica. 2006;8:231–8.
63. Godinho LN, Cripps JK, Coulson G, Lumsden LF. The effect of ectoparasites
on the grooming behaviour of Gould's wattled bat (Chalinolobus gouldii):
An experimental study. Acta Chiropterologica. 2013;15:463–72.
64. Hofstede HM, Fenton MB. Relationships between roost preferences,
ectoparasite density, and grooming behaviour of neotropical bats. J Zool.
2005;266:333–40.
65. Mooring MS, Blumstein DT, Stoner CJ. The evolution of parasite-defence
grooming in ungulates. Biol J Linn Soc. 2004;81:17–37.
66. Krasnov BR, Morand S, Hawlena H, Khokhlova IS, Shenbrot GI. Sex-biased
parasitism, seasonality and sexual size dimorphism in desert rodents.
Oecologia. 2005;146:209–17.
67. Myers P. Sexual dimorphism in size in vespertilionid bats. Am Nat.
1978;112:701–11.
68. Willig MR, Hollander RR. Secondary sexual dimorphism and phylogenetic
constraints in bats: A multivariate approach. J Mammal. 1995;76:981–92.
69. Bornholdt R, Oliveira LR, Fabián ME. Sexual size dimorphism in Myotis
nigricans (Schinz, 1821) (Chiroptera: Vespertilionidae) from south Brazil.
Braz J Biol. 2008;68:897–904.
70. Lisón F, Haz Á, González-Revelles C, Calvo JF. Sexual size dimorphism in
greater mouse-eared bat Myotis myotis (Chiroptera: Vespertilionidae) from a
Mediterranean region. Acta Zool. 2014;95:137–43.
71. Lindenfors P, Gittleman JL, Jones KE. Sexual size dimorphism in mammals.
In: Fairbairn DJ, Blanckenhorn WU, Székely T, editors. Sex, size and gender
roles: Evolutionary studies of sexual size dimorphism. Oxford: Oxford
University Press; 2007. p. 16–26.
•  We accept pre-submission inquiries 
•  Our selector tool helps you to find the most relevant journal
•  We provide round the clock customer support 
•  Convenient online submission
•  Thorough peer review
•  Inclusion in PubMed and all major indexing services 
•  Maximum visibility for your research
Submit your manuscript at
www.biomedcentral.com/submit
Submit your next manuscript to BioMed Central 
and we will help you at every step:
Szentiványi et al. Parasites & Vectors  (2017) 10:405 Page 9 of 9
